Abstract-The bit error rate (BER) performance of downlink DS-CDMA in a frequency-selective fading channel can be significantly improved by the use of frequency-domain equalization (FDE) based on minimum mean square error (MMSE) criterion. However, the presence of residual inter-chipinference (ICI) after FDE produces the orthogonality distortion among the spreading codes and the BER performance degrades as the number of multiplex order increases. In this paper, we propose a joint MMSE-FDE and ICI cancellation to improve the BER performance of the DS-CDMA downlink. In the proposed scheme, the residual ICI replica in the frequency-domain is generated and subtracted from each frequency component of the received signal after MMSE-FDE. The MMSE weight at each iteration is derived taking into account the residual ICI. The effect of the proposed ICI cancellation scheme is confirmed by computer simulation.
(MMSE) criterion can replace the conventional rake combining with much improved BER performance for the DS-CDMA signal reception over a severe frequency-selective channel.
In this paper, we consider the orthogonal multicode DS-CDMA downlink signal transmission, which requires much higher rate transmission than the uplink as in high speed downlink packet access (HSDPA) [9] . Although FDE can significantly improve the downlink BER performance, the presence of a residual inter-chip interference (ICI) after FDE distorts the orthogonality among the spreading codes and the downlink BER performance degrades as the number of multiplex order increases. In this paper, we propose a joint MMSE-FDE and frequency-domain ICI cancellation to improve the BER performance of the DS-CDMA downlink signal transmission. In the proposed scheme, the residual ICI replica in the frequency-domain is generated and subtracted from each frequency component of the received signal after MMSE-FDE. The MMSE weight at each iteration is derived taking into account the residual ICI Fig. 1 . At the base station transmitter, the uth user's binary data sequence, u=O(U-1), is transformed into a data modulated symbol sequence d11(n) and then spread by multiplying an orthogonal spreading sequence cu(t). The resultant U chip sequences are multiplexed and further multiplied by a common scramble sequence Cscr(t) to make the resultant multicode DS-CDMA signal white-noise like. Then, the orthogonal multicode DS-CDMA signal is divided into a sequence of blocks of N, chips each and then, the last Ng chips of each block are copied as a cyclic prefix and inserted into the guard interval (GI) at the beginning of each block.
The GI-inserted orthogonal multicode DS-CDMA signal is transmitted over a frequency-selective fading channel and is received at a receiver. After the removal of the GI, the received chip sequence is decomposed by Ne-point fast Fourier transform (FFT) into N, subcarrier components (the terminology "subcarrier" is used for explanation purpose only although subcarrier modulation is not used). NMSE transmission of U data symbol sequences {d11(n); n=ONJISF-1} is considered, where N, and SF are chosen so that the value of NCISF becomes an integer. The spread signal chip sequence { s(t); t= -Ng-N-1}, to be transmitted after the GI insertion, for one block of N,+Ng chips can be expressed, using the equivalent lowpass representation, as s(t) = V2EC /Tc s(t modN ) , (1) where Ec and Tc denote the chip energy and the chip duration, respectively, and s(t) is given by The propagation channel is assumed to be a frequencyselective block fading channel having chip-spaced L discrete paths, each subjected to independent fading. The assumption of block fading means that the path gains remain constant over at least one block duration. The impulse response h(t) of a multipath channel can be expressed as [10] 
C. MMSE-FDE and ICI cancellation
A joint MMSE-FDE and ICI cancellation is repeated in an iterative fashion. Below, the ith iteration is described.
After the removal of the GI from the received chip sequence r(t), Ne-point FFT 
MMSE-FDE is carried out as follows: (8) where w(i)(k) is the equalization weight at the ith iteration and Hf(')(k) and f*(')(k) are the equivalent channel gain and the noise component, after performing MMSE-FDE at the ith iteration, respectively. The equalization weight is derived in Sect. IV. ICI cancellation is performed as (9) where M(i) (k) is the residual ICI replica, and given by [11] 
for i>O' (0) where S(i) (k) is the kth frequency component of the transmitted chip replica, which is generated by feeding back the (i-l)th ICI cancellation result and A(i) is given by
Nc-point IFFT is applied to transform the frequency-domain signal {R')(k); k = 0 -NC -1} into time-domain chip sequence {r (i) (t); t = 0 -NC -1}: (12) Then, despreading is carried out on r() (t) to obtain the uth user's decision variable for data demodulation on d11(n), giving 1 (n+l)SF-I da) (n) = S E (r) (t)c (t mod SF)C*cr (t), t=nSF (13) d() (n) is the soft decision variable associated with d11(n) after the ith iteration.
III. ICI REPLICA GENERATION
The soft decision variable is used to generate the replica {s () (t)} of the transmitted chip sequence. Using the uth user's soft decision variable d$ ')(n), the log-likelihood ratio (LLR) for the xth bit in the nth symbol (n=ON,1SF-1), where x=Olog2M-1 and M is the modulation level, can be computed as [12] Lx(n) In
To derive the MMSE weight, taking into account the residual ICI, we define the equalization error e(k) between the 
The replica {s i)(t); t =0 NC-1} of the transmitted chip sequence s(t) is generated as (20) where A(')S(k) is used as a reference signal since E[R(')(k)] = A(')S(k) (the residual ICI is assumed to be zeromean). w(')(k) is the weight that minimizes the mean square error (MSE) E[ e(k) 12 for the given H(k), i.e.,
Since H(k) is a zero-mean complex Gaussian process with variance 2U2 (= 2NONC I Tc), E[ e(k) 12 ]is given by 
We assume QPSK data modulation and 16QAM, FFT block size of NC=256 chips and a GI of Ng=32 chips. The channel is assumed to be a frequency-selective block Rayleigh fading channel having a chip-spaced 16-path uniform power delay profile (i.e., E[ hl12]=1L for all 1) . Perfect chip timing and ideal channel estimation are assumed.
The simulated BER performance of frequency-domain ICI cancellation is plotted in Fig. 2 for SF=U=1 as a function of the average received bit energy-to-AWGN noise power spectrum density ratio EbNO, defined as EbN0=(l1log2M)SF(E,1No)(l+Ng1NJ). For comparison, the theoretical lower bound [7] and the BER performance using p(i) optimized by computer simulation at each iteration [11] are also plotted. The BER performance with i=0 corresponds to the case of MMSE-FDE without ICI cancellation. It can be seen from Fig. 2 that the proposed ICI cancellation can significantly improve the BER performance and achieve almost the same BER performance as the ICI cancellation using the computer-optimized p(i). When i=3, for QPSK, the Eb,NO reduction for BER=10-4 from the case without ICI cancellation is as much as 4.9 dB and the BER performance gets close to the theoretical lower bound by about 1.9 dB (including a 0.5 dB loss due to the GI insertion). For 16QAM (see Fig. 2(b) 
